Summary. The prevalence of glutamic acid decarboxylase autoantibodies was determined with an immunotrapping enzyme activity assay in newly-diagnosed Type 1 (insulin-dependent) diabetic patients as well as in first-degree relatives using rat brain homogenate as a source of glutamate decarboxylase. Twenty-six out of 86 islet-cell cytoplasmic autoantibody positive and one out of 24 islet celt autoantibody negative patients of recent onset, had autoantibodies to glutamate decarboxylase above the upper 99% confidence limit obtained from 89 control sera. Among 27 islet cell autoantibody positive relatives including 19 siblings and 8 parents, antibodies to glutamate decarboxylase were found in 8 of 9 (89%) relatives and 7 of 8 (87.5%) siblings with islet cell autoantibody titres above 20 JDF units, in 1 of 19 (5.2%) relatives with islet cell autoantibody titres between 2 and 5 JDF units, in 2 of 263 (0.7%) siblings and i of 139 parents without islet cell autoantibodies. In first-degree relatives, high titre islet cell autoantibodies and autoantibodies to glutamate decarboxylase were tightly associated (X 2 = 182,p = 0.0001). None of the relatives with low genetic risk (n = 64), i.e. HLA-different to the diabetic proband, was found to be antibody positive. Antibodies to glutamate decarboxylase were present only in those relatives sharing at least one haplotype with the diabetic proband, including two islet cell autoantibody negative but HLA-identical siblings. Autoantibodies to glutamate decarboxylase were present in 7 of 9 (77%) relatives who developed the disease, including one islet cell autoantibody negative sibling. Altogether, the simultaneous presence of autoantibodies to glutamate decarboxylase and high titre islet cell autoantibody increases the positive predictive value for the disease from 66% to 75%. This study indicates therefore that autoantibodies to glutamate decarboxylase detected by an immunotrapping enzyme activity assay are additional predictive markers for future development of Type 1 diabetes and should be now prospectively studied in high risk individuals as well as other autoantibodies to Beta-cell autoantigens.
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The presence of autoimmune markers in high-risk individuals and newly-diagnosed Type 1 (insulin-dependent) diabetic patients, as well as experimental animal models where autoimmune effector T cells can cause Beta-cell destruction [1] , strongly support the concept that Type 1 diabetes results from an immune mediated phenomenon in genetically susceptible individuals [2] . Evidence has accumulated that despite its acute onset, Type i diabetes is preceded by a long prodromal period during which Betacells are progressively destroyed. Family studies [3] [4] [5] [6] have shown that the majority of those first-degree relatives who became diabetic had high titre islet-cell cytoplasmic autoantibodies (ICA) and insulin autoantibodies (IAA), months before diagnosis. However, only a fraction of ICA positive relatives progress to developing the disease, indicating that additional factors are required for the progression of Beta-cell destruction [6] . Identification of additional predictive markers in those individuals at very high risk for the disease would be of clinical importance, since recent immunointervention trials have indicated that if such treatment is to be effective it should be initiated at the early stages of the disease [7] , at a time when the residual Beta-cell mass is sufficient to fulfill insulin needs. Glutamate decarboxylase (GAD), the enzyme that synthesizes GABA from glutamic acid, is the predominant autoantigen in a rare neurological syndrome known as stiff-man syndrome (SMS), in which almost all patients are also positive for ICA and some become diabetic [8] [9] [10] . Interestingly, the pancreatic islet Beta-cell autoantigen of relative molecular mass 64 kD, has been recently identified as GAD [11] . Pancreatic Beta cells as well as a subpopulation of central nervous system neurons express high levels of this enzyme. In this study, we used a specific immunotrapping enzyme activity (ITEA) assay to examine the prevalence and evolution of GAD autoantibodies in prediabetic individuals as well as in Type 1 diabetic patients of recent onset.
Subjects and methods

Subjects
A group of 110 recently-diagnosed Type i diabetic patients were tested for the presence of GAD antibodies including 86 (78.2%) ICA positive patients. First-degree relatives were enrolled after informed consent that had been given for a screening programme for Type 1 diabetes which had been in progress since 1982. The characteristics of this family study referred to as the Lyons' family study have been previously published [4, 6] . Between January 1982 and October 1991, circulating autoantibodies were analysed in 736 first-degree relatives, including 311 siblings 371 parents and 43 children of 241 Type 1 diabeticpatients. Siblings had 1.65 + 1 (mean + SD) blood samples including 123 (39.5%) with more than one blood sample. This latter group of relatives had a total of 342 samples which corresponded to a mean + SD number of samples per individual of 2.67 + 1.2 for a mean + SD period of follow-up of 4.87 + 2 years. Total follow-up of siblings represented 1202 person-years with a mean + SD observationperiod of 3.86 + 2.3 years. During the time of study, 8 parents and 19 siblings showed islet cell antibodies (ICA). Eight siblings and one parent developed diabetes, including six individuals with high ICA titre. Two relatives who progressed to diabetes from the Marseille's family study were also included for retrospective evaluation of GAD antibodies. The control population consisted of 89 individuals aged 15 + 2 years (mean + SD).
Detection of GAD autoantibodies with the ITEA assay
Presence of GAD autoantibodies was sought for by an immunotrapping enzyme activity assay (ITEA)in which GAD activity was measured after immunofixation to serurn immunoglobulins. Rat brain homogenate was used as a source of GAD. The brain homogenate from at least three animals was prepared in standard buffer, i. e. 50 mmol/1 pH 6.8 sodium phosphate buffer containing 0.2 mmol/1 pyridoxal phosphate (Sigma, St. Louis, Mo, USA) and 1 mmol/1 aminoethylisothiouronium hydrobromide (Sigma), frozen and used for 50 antibody determinations in duplicate. Brain homogenate was incubated with protein A-sepharose on which serum IgGs had been preabsorbed. Briefly, 100 gl of each serum sample were added to 100 gl of protein A-sepharose (Pharmacia, Uppsala, Sweden) suspended (50% volume/volume, v/v) in phosphate buffered saline (PB S ). After a 4-h incubation under constant agitation at 4~ samples were washed twice with 1 ml of PBS, then in i ml of standard buffer and 250 gl of a 20,000 g supernatant from a 25% (w/v) rat brain homogenate prepared in standard buffer were added. Following an overnight incubation at 4~ under constant shaking, samples were washed three times with i ml of standard buffer, then divided into duplicate aliquots. Immunotrappe d GAD was detected by measuring its enzymatic activity directly on the solid phase, using a radiometric assay according to Legay et al. [12] . Ten gl of standard buffer containing i mmol/1 12.5 gCi/gmol L-I-z4C glutamic acid (CEA, Saclay, France) were added as substrate. The labelled carbon dioxide formed by GAD during a i h 30 min incubation at 37~ was trapped and measured as described previously [12] . Blanks were performed with protein-A sepharose only. A GAD antiserum raisedin sheep [13] was used as apositive reference control. GAD activityimmunotrapped by human sera was expressed in arbitrary units as the percentage of the GAD activity trapped by a positive reference control run in each set of assays under the same experimental conditions. Several experiments were performed to standardize the ITEA assay. The ability of autoantibodies to bind GAD was tested using serial dilutions of anti-GAD positive or negative sera. In addition, the effect of increasing concentrations of brain homogenate was analysed. To demonstrate that immunotrapping of GAD was efficient, we re-reacted supernatants of an immunotrapped brain homogenate with the same immune serum used in the initial immunotrapping. To test the possibility that 64 kD +/anti-GAD negative sera could contain blocking antibodies, we performed inhibition experiments where we first incubated 250 gl of brain homogenate with 100 gl of 64 kD positive/GAD negative sera or a negative control serum for 4 h at 4~ then the immunotrapping assay was performed using 100 gl of a positive control serum. Alternatively, to test the possibility that 64 kD +/anti-GAD negative sera could bind to GAD and to the enzymatic site of the protein, we also immunoprecipitated brain homogenate previously incubated with the corresponding antibodies prior to the immunotrapping assay.
To compare the sensitivity of the ITEA assay to that of the 64 kD immunoprecipitation technique, we analysed in parallel serial dilutions of a positive serum using the two techniques. In this particular experiment, we quantitated the effects of serum dilution on the level of anti-64 kD antibodies. Relative amounts of precipitated antigens were determined by densitometric scanning of the fluorographs and expressed as a percentage of the initial serum dilution.
Detection of 64 kD autoantibodies by immunoprecipitation
Immunoprecipitations of the 64 kD antigen were performed using highly purified neonatal rat islets which were synthetically labelIed with 3SS-methionine, homogenized and ultracentrifuged (100,000 g for i h at 4~ after the removal of cell debris (1000 g, 10 min). The cytosolic fraction was diluted in 1% Triton-X 114 (Sigma Laboratories, Grand Island, NY, USA) (1/10, v/v), heated at 370C for 2 rain to induce phase separation. The detergent phase was then immunoprecipitated with test sera diluted 1:4 using protein A sepharose (Pharmacia Fine Chemical, Uppsala, Sweden) and the immunoprecipitated 64 kD antigen was identified using 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and fluorography, as previously described [16] . The amount of protein extract per lane corresponded to 550 islets. The precipitated 64 kD antigens can be often separated into three different bands which correspond to different GAD isoforms [17] .
Detection of islet cell autoantibodies (ICA )
Four micron sections of frozen pancreas from a human cadaver of blood group O were used as substrates for ICA determination by indirect immnnofluorescence. The end point titres causing detectable fluorescence were converted into Juvenile Diabetes Foundation (JDF) units. Our laboratory participated in ICA proficiency tests and in the 4th JDF sponsored International Diabetes Workshop and our average results from three different tests were 90% for validity, 95% for consistency, 95% for specificity, and 80% for sensitivity.
Genetic determination was performed in 92% of the relatives by serological methods using reference sera and by oligonucleotide typing for the study of DQ-13 chain sequence polymorphism at position 57 (Blood Transfusion Centre, Lyon, France) according to the 10th International Workshop. Analysis of ICA and GAD autoantibodies were conducted in 250 siblings according to the level of HLA identity.
Statistical analysis
Statistical comparisons between entry and the latest follow-up were made using the paired t-test. Comparison of ICA titre between groups of relatives was performed using the Mann-Whitney U-test. 
Results
Precision, specificity and sensitivity of the GAD/ITEA assay
The variation of G A D content of a frozen brain homogenate over a 1-month period did not exceed 6% and the variation in G A D content of ten different homogenates was less than 18%. The inter-assay coefficient of variation based on eight assays performed independently, was less than 17% for three positive samples with different levels of positivity. The mean + SD of 89 normal sera was 0.04 + 0.03 units. The upper 99% confidence limit was 0.11 units, which was taken as cut-off for positivity.
Dilution curves of three G A D autoantibody-positive sera and one 64 kD positive-GAD antibody negative serum are presented in Figure 1 . The loss of signal was noticed between 1:80 and 1:160. The level of G A D antibodies obtained by incubating graded quantities of rat brain homogenate was studied. Increasing concentrations of rat brain homogenate from 250 to 500 gl increased the specific binding by 20%. Concentrations above 500 gl increased the non-specific binding of negative sera which however remained within normal range. To test the efficiency of a positive serum to bind to brain G A D , we re-reacted supernatants of an immunotrapped brain homoge= nate with the same immune serum. The amount of immunotrapped G A D during the second assay, corresponded to only 14% of the initial value trapped during the first assay. Comparison of sensitivity between I T E A and 64 kD immunoprecipitation assays was performed with serial dilutions of a reference serum tested in parallel using both techniques. Results presented in Figure 2 revealed that in the I T E A assay the loss of positivity occurred after a dilution of 1:80, whereas the end-point dilution using the immunoprecipitation technique was 1:1000. Densitometric scanning of precipitated antigens during the 64 kD assay measured the effects of serum dilution showing a 38% decrease in the intensity of the three bands of the 64 kD antigen at a dilution of 1:256 when compared to 1:4, with a differential effect on the upper band corresponding to G A D 67 which decreased to 47% of the initialintensity. In this particular experiment, 64 kD immunoprecipitation was therefore 10-15 times more sensitive than the I T E A assay to detect GAD/64 kD autoantibodies.
In order to study whether antibodies directed to the enzymatic site of G A D could be present in G A D ( I T E A ) negative sera, we performed additional sets of experiments. Aliquots of brain homogenates were pre-incu- bated with six 64 kD positive/GAD (ITEA) negative sera before the detection of GAD autoantibodies in a positive reference serum using the ITEA assay. No significant difference was noticed in the level of GAD antibodies from a positive control serum by pre-incubating the brain homogenate with six different sera giving a mean (range) coefficient of variation of 8.3 (17.2) %. In addition, 64 kD positive/anti-GAD negative sera did not bind significant amounts of the protein, since the amount of GAD detected by a positive control serum was not influenced after preincubating and immunoprecipitating brain homogenate using these particular sera prior to the assay procedure.
Prevalence of GAD antibodies in Type I diabetic patients of recent onset and first-degree relatives
Sera from 110 recently-diagnosed Type i diabetic patients were studied for the presence of GAD autoantibodies within i month of treatment including 89 (78%) ICA-positive individuals. The ITEA assay revealed in 27 of them (24.5%) the presence GAD antibody levels above the 99% upper confidence interval limit (Table 1 ). All but one were ICA positive. Age at onset (10.4+2 vs 8.4 + 4 years, p = 0.24) and duration of disease (0.9 + 2 vs 0.7 + 0.6 months,p = 0.1) did not influence the presence of 573 GAD antibody. Using 2 x 2 contingency tables, no significant difference was observed in the distribution of DR3 (X 2 = 0.009), p = 0.9) and/or DR4 alleles (X 2 = 0.38, p = 0.8) between patients according to positivity for GAD autoantibodies (Table 2) . Among 27 ICA-positive relatives studied, 9 (33%) had also GAD autoantibodies, and this association was clearly significant (X2=71, p = 0.0001). GAD autoantibodies were strongly associated with high titre ICA (X 2 = 182, p = 0.0001), since seven out of eight (87.5%) siblings with ICA titres above 20 JDF units were GAD autoantibody positive. However, two ICA negative siblings and one of 139 ICA negative parents also had GAD antibodies (Table 1 ). In addition, 1 of 19 relatives with ICA titres between 2 and 5 JDF units had also GAD autoantibodies. All GAD autoantibody positive relatives shared at least one haplotype with the diabetic proband ( Table 3) . Moreover, two other ICA-positive relatives who progressed to diabetes in the Marseille's prospective family study were also found to be GAD (ITEA) autoantibody positive before onset. The positive predictive value of high titre ICA was slightly higher than that of GAD antibodies, but the simultaneous presence of both markers increased the predictive value to 75%. Five GAD autoantibody positive relatives did not develop the disease (Table 3) . Among them, two had high titre ICA, including one HLA identical and one HLA-haploidentical siblings. One parent had low ICA titres at two different controls during 5 years of follow-up and another parent was ICA negative at one occasion. The last relative among the five, was an HLAidentical sibling (number 9) who was ICA negative and had high levels of GAD antibodies. For this subject, the follow-up period was too short to conclude on the metabolic outcome.
Of the 12 relatives who presented GAD (ITEA) autoantibodies, seven developed the disease. The evolution of GAD antibody levels in serial samples of nine ICA-positive relatives before diabetes onset (seven from the Lyons' family study and two from the Marseille's family study) is presented in Figure 3 . Six relatives were HLA haploidentical and three HLA-identical to their diabetic proband. All had at least one serum sample with ICA above 20 JDF units. Ages ranged from 11 to 43years (median 20.8 years) and duration of discordance was from 2 to 34 years (median 11.8 years). Seven out of these nine relatives who progressed to diabetes had GAD autoantibodies. This gave to the GAD (ITEA) assay a sensitivity of 77.7%, a specificity of 98.8% and a positive predictive value of 63.6% (Table 4) .
Discussion
Although strong experimental evidence supports the concept that Type i diabetes is a T-cell mediated disease, serological markers are the best indicators of the ongoing autoimmune process in genetically susceptible individuals. Here, we used a specific ITEA assay to detect GAD autoantibodies at onset as well as in first degree relatives, in addition to other established serological markers. GAD autoantibodies were found in 24.5% of recently-diag- This number excludes relative number 9 who had a very short period of follow-up nosed Type I diabetic patients and predominantly in those with ICA (30.2%). No genetic combination distinguished patients with or without GAD autoantibody at onset. Interestingly, all but one prediabetic individuals with high titre ICA had also GAD autoantibodies. None of the individuals with low risk of diabetes -i. e. HLA-different siblings (Table 2) and ICA negative control subjects -presented GAD autoantibodies, This gave to the presence of GAD autoantibodies during prediabetes a high positive predictive value for disease onset but combining GAD antoantibodies and ICA gave an even higher predictive value. Sequential analysis of anti-GAD activity detected in prediabetic individuals before diabetes onset showed high levels of this marker independent from the fluctuations of ICA titres. The observation of one ICA positive but GAD autoantibody negative sibling and of one ICA and GAD autoantibody negative sibling who became diabetic during follow-up, further supports the concept of immunological heterogeneity during prediabetes [6] .
Clinical observations of SMS patients with Type 1 diabetes [9, 10] is intriguing, with presence of autoantibodies to both GABAergic neurons and Beta cells [11] . GAD, the dominant autoantigen in SMS, is the GABA synthesizing enzyme in Purkinj e cells. In keeping with biochemical and functional similarities between neurons and peptide-secreting endocrine cells, GAD is also present in high concentrations in pancreatic Beta-cells as indicated by immunohistochemical studies [12, 13] . This enzyme has been located at the cytoplasmic surface of synaptic-like microvesicles [14] . Beta-cell GAD is biochemically indistinguishable from brain GAD. Cloning and partial nucleotide sequencing of human GAD cDNA from human brain and human pancreatic islets revealed an overall homology of 92% [15] . These considerations have lead to the hypothesis that GAD autoimmunity in SMS and Type 1 diabetes might be interrelated.
The recent demonstration [16, 17] that GAD was comparable to the 64 kD protein immunoprecipitated by patients' sera from extracts of human islets [18] , has brought considerable interest in the quest of the putative target(s) antigen(s) involved in Type i diabetes. Previous studies using human [19, 20] or non-obese diabetes (NOD) mouse sera [21] , suggested that the 64 kD protein was specifically precipitated from crude islet cell extracts and purified membrane protein fraction during the prediabetic phase. However, 64 kD autoantibodies did not correlate with other serological markers such as ICA. Our aim was to develop an assay that could be used to screen large numbers of high risk individuals for the presence of GAD autoantibodies during prediabetes. Although a discordance in prevalence of GAD (ITEA) and GAD/64 kD autoantibodies was noticed in newly-diagnosed patients, the frequency of antibodies to GAD detected by the ITEA assay during prediabetes was comparable to what has been published for the prevalence of 64 kD antibodies [19, 20] . We analysed several possibilities to explain the apparent discrepancy between the two assay systems. They are different in sensitivity. The 64 kD immunoprecipitation procedure was 10-15 times more sensitive than the ITEA assay which may therefore only identify the highly positive sera. However, we have not been able on a limited number of sera to find any correlation between the intensity of the precipitated 64 kD antigens and the levels of antibodies to GAD during the ITEA assay. However, it must be emphasized that this difference in sensitivity did not influence the predictive value of GAD (ITEA) autoantibodies, since the majority of relatives who subsequently became diabetic were found positive in our assay.
Another explanation could be that some individuals may have antibodies to the enzymatic site of the protein which could hinder the detection in the ITEA assay. However, preincubation of brain homogenate with GAD/64 kD positive-GAD (ITEA) negative sera did not influence further detection of GAD (ITEA) autoantibodies present in a reference serum. In addition, at no point did serial dilutions of these GAD (ITEA) negative sera uncover any secondary anti-GAD activity, an observation against the existence of blocking antibodies. Although we cannot conclude definitively on this matter, the problem of blocking antibodies does not appear crucial.
Limitations due to tissue and species specificity of these antibodies can be also excluded, since GAD is highly conserved in mammals. A large sequence homology was recently demonstrated between brain and Beta-cell GAD cDNAs [15] . The two forms of rat brain GAD namely GAD65 and GAD67 [21] which differ in size, amino acid sequence and function, and are encoded by two distinct genes [23] , are recognized by patients' sera [24] . Preincubation of a positive serum with rat brain GAD or recombinant rat brain GAD65 was shown to inhibit the immunoprecipitation of the 64 kD/GAD antigen from human islet extracts [18, 23] .
Different patterns of epitope recognition may be also present among individuals. Extraction of islet cells with non-anionic detergents prior to immunoprecipitation may reveal hidden immunoreactive sites. This hypothesis can apply to the recent identification by Christie et al. [25] , of autoantibodies to tryptic fragments of the whole molecules. Therefore, GAD and the 64 kD-antigen may share a large number of epitopes without being fully identical.
In conclusion, our ITEA assay system of detecting GAD autoantibodies is a useful tool to monitor large numbers of individuals at high risk of developing Type 1 diabetes. In addition, this system allows quantification of anti-GAD autoantibodies. Further studies are needed to understand the pathophysiological role of such autoantibodies.
